The organic matter in carbonaceous chondrites is of two kinds: one is called Insoluble Organic Matter, made of extremely large molecules that cannot be named with the usual nomenclature; one can be extracted by laboratory solvents and analyzed as a molecular mixture. Both are of debated origin. Retracing their natural histories requires putting strong constraints on their possible place of birth and their life time in space environments. It cannot be excluded they were formed in an interstellar medium before accretion on the chondritic parent bodies. As ultraviolet rays are the most common in the star forming regions and during the accretion phase of solar system, we propose to test the resilience of the natural organic matter of the Murchison meteorite against photolysis. The meteoritical soluble molecules were extracted by maceration and artificially exposed to a La photon dose commensurate to the one expected in molecular clouds and disks. The gaseous photolysis products were analyzed on the fly whereas the solid state mixture was solubilized again after irradiation for Orbitrap High Resolution Mass Spectrometry monitoring. We found that ultraviolet photons do modify the molecular mixture, removing H 2 and small carbon bearing species, shifting the mass distribution toward lower masses and increasing the number of cycles and double bonds in the molecules structure. A noteworthy effect of the irradiation is its selective preservation of species with a double bond equivalent consistent with aromatic rings in their structure. This is explained by the higher stability of such compounds. As the pristine Murchison extract lacks those features, we estimate it has not undergone significant irradiation after its synthesis. The extract we used for experiment being water insoluble, we assume its reactivity in hydrothermal condition would have been limited and have had no effect on the irradiation fingerprints. As a result the soluble fraction of Murchison was whether formed where the UV photon flux was negligible or it has been accreted quickly and shielded from photolysis in a parent body.
INTRODUCTION
During the galactic material cycles, there are few moments, if none, when there is no source for UV irradiation. While the effect of irradiation on minerals is limited to alteration or destruction (Brunetto et al., 2006) , the effect on the organic matter is by far more diverse. In interstellar media and on planetary surfaces, UV-photon irradiation can involve both chemical bonds destruction (Poch et al., 2014; Alata et al., 2015; Marcellus et al., 2016; Piani et al., 2017) and molecular growth (Mayo lar experiments highlighted production of small radicals by irradiation of synthetic complex solid organic matter (Alata et al., 2015; Laurent et al., 2015) .
In this study, we submitted a natural chondritic organic mixture extracted from the Murchison meteorite to UV-photon irradiation and monitored its evolution with high-resolution mass spectrometry (HRMS). We used this method to test the resilience of meteoritic organic matter to photo-irradiation in space and at the surface of planetary bodies and to test its reactivity in case of UV induced molecular growth.
The mass distribution of molecules in an organic mixture is an observable of choice to determine if a mixture is growing or being destroyed. Mass distribution has been used to characterize the degradation of industrial polymers like polystyrene (Kruse et al., 2003) , as well as to discuss common synthesis of presolar nanodiamonds in meteorites (Lyon, 2005) . On top of that, qualitative scrutiny of mass or size distributions can be used to test which mechanism is at work. This is how Lawless and Yuen (1979) ruled out Fisher-Tropsch type processes to account for the monocarboxylic acids in Murchison meteorite. Schmitt-Kopplin et al. (2010) demonstrated that the diversity of Murchison extractable molecules can be probed by Electrospray and HRMS. We propose to use this type of tool to monitor the evolution of the mass distribution through UV photons irradiation in vacuum and at room temperature.
We extracted a large fraction of the soluble Murchison organic matter in a mixture of polar and non-polar solvents that we exposed to significant doses of UV photons using the PICACHU apparatus at Hokkaido University. We observe that the effect of irradiation is mostly destructive, removing small fragments to produce H 2 , water and methane. However the fine structure of the mass distribution is not lost and the natural extract of Murchison keeps track of the progressive photolysis. We conclude that even if this organic phase can be modified by UV photons, it cannot be destroyed with regards to the dose available in the early solar system environments. Since the starting Murchison extract lacks the typical fingerprint of irradiation it acquired during the experiment, we propose it escaped extended UV irradiation after its synthesis.
METHODS
A natural chondritic organic mixture extracted from the carbonaceous chondrite Murchison was used for this study. The meteorite was first disaggregated by freezethaw using distilled water and then macerated in a Fisher Optima methanol and toluene (1:2) mixture for 1 week in a dark clean room with no sonication. The extract recovered after centrifugation is thus devoid of water-soluble organic compounds and will be referred to as Water-Insoluble Free Organic Matter (WI-FOM). The resulting extract is also free from any form of highly ionic solids like most of the salts and is supposed to lack all the very functionalized small molecules and highly polar compounds (Ruf et al., 2017) . Indeed, the most of the heteroatomic functions come with electronegativity variability that induces permanent local electric dipole moments on the molecule, making it polar and therefore soluble in water.
Several droplets of the extract were deposited on the surface of one-inch corundum disks and dried in a desiccator for ~4 hours. After evaporation of the solvents, thin layers of organics are visible at the surface of the disks. Since the deposit thickness turned out to be impossible to repeat, replicate experiments were carried out for qualitative comparison. The disks were then fixed on three faces of a cuboid holder to be introduced to the PICACHU apparatus. PICACHU consists of a high vacuum chamber (~10 -7 mbar) related to a gas line, deuterium UV lamps and cryostat initially designed for low temperature irradiation of ice . For the present study, we used PICACHU to irradiate the samples by UV in vacuum at room temperature. UV irradiations were carried out using water-cooled type 150-W deuterium lamps (Hamamatsu L1835) with MgF 2 windows pointed toward the disk surfaces. The wavelength of the UV light from the lamps ranges from 110 to 170 nm, with peaks at 121.6, 125.4, and 160.8 nm. The photon flux of the lamps at the deposition surfaces is (0.7-1.5) ¥ 10 14 photons cm -2 s -1 . Several disks with WI-FOM deposit were irradiated for 175 hours (one week) resulting in a photon dose of 5.3 ¥ 10 19 photons cm -2 . The dominant gas species released during UV irradiation of the Murchison deposits were monitored with a quadrupole mass spectrometer (QMS; Extrel Core Mass Spectrometer) connected to the main chamber with a mass resolving power of 1u. After the experiments, the chamber was opened under inert argon atmosphere using a glove box fixed to the PICACHU apparatus, and the samples were removed and stored under argon until the analyses.
High Resolution Mass spectra (HRMS) were acquired with a Thermo LTQ Orbitrap XL coupled with an Electrospray ionization (ESI) source, in the 50-700 and the 150-2000 m/z range, in the search for cations with a resolving power m/Dm ~ 100000 at m/z = 400u. No separation methods were used. The initial extraction and deposition concentration were about 5 milligrams of WI-FOM per milliliter of solvent. In order to keep the electrospray current as stable as possible, i.e., with a constant flux of ions, the solutions were diluted to about 1 wt. ppm in a mixture of methanol and toluene.
Mass spectra that are displayed here underwent several computational operations all performed using a soft-ware developed at the IPAG: ATTRIBUTOR. Orbitrap produces a spectrum corresponding to the Fourier transforms of the oscillating currents induced by sample ions (Makarov et al., 2006) which is the convolution product of the mass spectrum by Gaussian functions. First, the local maxima of the function are identified and considered as maximum intensities as a function of mass center of measured peaks. These suites are displayed in two ways. One is the classical intensity versus mass over charge plot, which represents the relative abundances associated with each peak. The other type of plot is called Mass Defect Versus Mass (MDvM) and reports, for each ion, a computed value that equals the difference between its mass over charge and the closest integer as a function of the measured mass over charge (Somogyi et al., 2016) . This view is convenient to identify families of homologous compounds (Naraoka et al., 2017) for which only the length of the chains varies. Indeed, in the case of polymerization, the addition of subsequent and identical stoichiometric patterns induces regularly spaced mass over charge ratios and correlated mass defects, forming lines in the MDvM diagram.
RESULTS
The gas composition of the chamber was measured by the QMS every minute during the one-week irradiation (Figs. 1 and 2). Gaseous molecules released by the sample during irradiation are fragmented and ionized by electron impact-ionization resulting in several ions species for a given precursor molecule (i.e., for H 2 O: H 2 O + , OH + , O + ). The identification of possible precursor molecules from the QMS spectra was achieved by using electron ionization patterns of single molecules from the NIST webbook for Chemistry (https://webbook.nist.gov/chemistry/).
In the case of non-separated source of molecules, the molecular identification is jeopardized if we do not assume the resulting fragment spectrum being a linear combination of the spectra of pure components. For the sake of clarity we used a k-nary diagram (k = 7) with the seven most intense masses detected, shown in Fig. 3 . K-nary diagrams are working the same way as ternary diagrams to represent compositions: the closer to a pole a point is, the higher its concentration in this pole. A two-component mixture between two poles appears as a straight line between the two-poles. As the mass resolving power is not high enough to assign a formula to each pole, several possible formulas are proposed in Fig. 3 . Labeled points indicate pure compounds as referred in the NIST webbook for Chemistry.
The composition of the gas released from the sample changes over time. In Figs. 1 and 2 for instance, we can see the monotonic increase of a mass = 2u fragment and the decrease of mass 18 and 17 fragments. In Fig. 3 , with the exception of a slight deviation toward the glycine pole before Day1 12h13, the point cloud draws a straight line between the 2u (H 2 ∞ + ) pole and a position corresponding to a mixture of several poles. The most simple combination we have found to explain the alignment of dataset points is a mixture of methane and water. Water seems to be dominant but quantification cannot be accurately determined without external calibration. We interpret that as a loss of material from the deposited Murchison extract. In agreement with previous experiments (Alata et al., 2015) , (Keppler et al., 2012) , methane is the main hydrocarbon to be released regardless of the starting material, natural or synthetized. The water released is of no straightforward origin since we cannot exclude contamination during the deposition before the sample gets pumped down to 10 -7 mbar. However, the methane/water mixture seems to be constantly produced during the irradiation of over seven days. We propose that both methane and water came from the irradiated extract.
While the amount of oxygen-and carbon-bearing molecules is decreasing as the irradiation goes, the 2u peak continuously increases. We propose the 2u peak here corresponds to the release of the H 2 molecule from the organic extract. H 2 can be formed as a net loss of two H atoms that are removed from the extract. If the loss of methane implies a transformation of the carbonaceous structure through the decrease of chain length, the production of H 2 may be due to cyclization or formation of any other unsaturated bond. We interpret the decrease of production of water and methane and the increase of production of H 2 as the progressive degradation of an organic material starting with loss of labile O-and Cbearing branched functions followed by progressive carbonization.
Although the produced gas composition can be a good indicator of what is lost from the Murchison meteorite extract, it cannot constrain the molecular evolution of the organic extract. To the contrary, HRMS can provide the full mass distribution of the sample itself for a given irradiation duration. The starting material is characterized by the presence of molecular groups such as the N-containing cyclic compounds described in Naraoka et al. (2017) , so-called homologous compounds. Indeed, the whole mixture complexity of the organic extract can be described as a variation of an integer number of H 2 and CH 2 and to a lesser extent of O and NH. That is to say, all the positive ions produced by the ESI within a relative intensity dynamic of 3 orders of magnitude have the following formula: (CH 2 ) C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] (NH) [1] [2] [3] [4] O [0] [1] [2] [3] . On top [1] [2] [3] [4] O [0] [1] [2] [3] C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] (CH 2 ) of the mass difference structure, molecular families defined by a sole variation in the number of CH 2 (hereafter CH 2 -families) have a remarkably stable intensity pattern. As shown in Fig. 4 and as reported in Naraoka et al. (2017) , the bell-shaped profile of CH 2 -families is observed regardless of the other stoichiometric coefficients of the formula. The bell shapes can be interpreted as Wesslau patterns (Wesslau, 1956 ), commonly used to described the chain polymerization for industrial purposes (Chee, 1996; Graf et al., 2000; Kruse et al., 2003) . The typical shape of H 2 -families is of the same type but backward, that is to say as if an iterative process lead toward low masses. As actual polymerization cannot be invoked for terminal groups, we interpret H 2 -families distributions like an iterative removal of H 2 out of an H 2 rich molecule. In other words, the whole starting material is defined by a mass and intensity structure consistent with a result of polymerization. The effect of the irradiation experiment will be described regarding the alteration of this initial structure.
After seven days of irradiation, corresponding to ~5 ¥ 10 19 photons cm -2 , a new HRMS spectrum was measured. As there is no simple quantifier for the difference between two mass spectra, the study will be restricted to the qualitative evolution of the mixture structure. That is why we use a differential approach in Fig. 5 described hereafter.
Fig. 6. Map of number of unsaturation or Double Bound Equivalent (DBE) shift after irradiation. Each square stands for an ion. The size of the squares represents for the number of nitrogen atoms (N = 1 for the smallest squares to N = 4 for the biggest squares). Horizontal, vertical and oblique lines indicate the evolution expected with the loss of CH 2 , H 2 and CH 4 , respectively. The global shift toward unsaturated molecules is shown by the color code. For ions with 1 nitrogen atom, a remarkable increase of DBE 4, 8 and 12 can be noted.
The initial structure of bell-shaped distributions of CH 2 -families and H 2 -families are preserved. The very same stoichiometric variability is observed (most of the ions corresponding to the previous formula: (CH 2 ) C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] (NH) [1] [2] [3] [4] O [0] [1] [2] [3] ). However, significant variation in the intensity distribution can be observed. For all the CH 2 -families considered in this study, the distribution of the irradiated Murchison extract is shifted toward lower masses. Figure 5 illustrates the difference between two normalized spectra for a selection of the (CH 2 ) C [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] (NH) [1] [2] [3] [4] O [0] [1] [2] [3] ) formulas detected in the starting material. On the MDvM diagram, the masses with a relative abundance increasing after irradiation group in the low mass and low mass defect area, consistently with the global mass decrease of the CH 2 -families. The increase of intensity for molecules with lower mass defect after irradiation is due to a loss of H 2 . Indeed, as molecules lose H 2 , their mass defect decreases drastically as H is one of the nuclei with the highest mass defect.
If the shift toward lower masses is attributed to the loss of carbon and the shift toward lower mass defect is attributed to the loss of H 2 , then the high resolution mass spectra are in full agreement with the evolution of the gas produced by the Murchison extract during irradiation (H 2 , methane and water) (Figs. 1, 2 and 3) . The UV photons seem to cause the removal of atoms out of the starting material. Although some modifications can be undoubtedly related to the photolysis, the global structure of the mixture remains stable.
If Fig. 5 helps mapping a global evolution of the mixture, it reveals local transformation as well. With the exception of the peculiar cases defined by their double bond equivalent and discussed below, the depleting upper part of the point cloud in the MDvM plot is surrounded by the highest increase in intensity after irradiation (redder dots are close to bluer ones). This means the water, methane and H 2 production process occurs iteratively, one fragment being removed at a time. Statistically, this generates a continuous change in the stoichiometry during the irradiation time. As a result, newly formed molecules are close in mass and stoichiometry to the one destroyed by the removal of atoms. Figure 6 reports the evolution of the double bond equivalent (DBE) calculated as the difference of the maximum number of bonds and the minimum achievable with a given total valence brought by a given stoichiometry: DBE = 1 + C + N/2 -H/2. The loss of terminal groups like H is likely to decrease the saturation of the molecules in the mixture after irradiation. The only way to remove terminal groups without changing the DBE is to fuse several molecules, removing one terminal group per molecule to merge them. In Fig. 5 , no significant intensity increase is observed at high mass, ruling out the H 2 production being due to molecule merging. The general trend detected in the MDvM diagram in Fig. 5 can be seen on the DBE diagram as well. One exception to the global increase of the DBE is a stability of ions with a double bond equivalent of 4, 8 (4 ¥ 2) and 12 (4 ¥ 3). The extent of the carbon number and therefore the number of different ions is much higher for these DBEs. Such molecules have an unsaturation level that is a multiple of 4, which is the DBE associated with the most simple aromatic cycle that delocalize three pairs of electrons like in benzene for instance.
DISCUSSION
The gas released during UV-photon irradiation monitored by QMS as well as the mass distributions of the organic extract probed by ESI-Orbitrap tend to show that the effect of irradiation is mostly destructive. Loss of small molecules (H 2 , methane, and water) and shift to a lower average mass rule out bond forming chemistry triggered by the irradiation of the Murchison extract alone. This is consistent with most of the UV and electron irradiation experiments for large molecules (Laurent et al., 2015; Gavilan et al., 2017) . The study by Keppler et al. (2012) reporting the UV irradiation of the Murchison meteorite (whole rock) demonstrated that methane is efficiently released and that its emission rate increases with increasing temperature. However this experiment was aimed at simulating the martian conditions and did not report on the evolution of the irradiated material itself. To the contrary, an experimental setup very similar to this study was used in Muñoz-Caro et al. (2006) where Interplanetary Dust Particles (IDPs) were exposed to UV photons for 18 and 40 h (with doses of 3 ¥ 10 19 to 7 ¥ 10 19 photons cm -2 similar to the ones used in our experiments). The irradiation effects were examined through mid-infrared spectroscopy before and after the experiments. The loss of all the aliphatic features (CH 3 and CH 2 stretching and bending modes) was observed even with their lower UV-photon doses (3 ¥ 10 19 photons cm -2 ). If we assume that the chemical structure of the organic materials in IDPs is similar to the one found in meteorites , we can expect that any saturated carbon bound to any other type of carbon is the most labile and the first to be removed from the mixture components. This is fully corroborated by the present study, even if the starting material is significantly different.
The UV-photon irradiation introduced diversity in structures that we can interpret from the evolution of the DBE. The increase of DBE = 4 and 8 is likely to be due to cyclization and aromatization. These structures survive the irradiation better and are observed as a result of chemical selection (Munoz-Caro et al., 2006) . In addition, the fact that the production of DBE = 8 ions is higher than the one of DBE = 7 indicates that couples of aromatic rings (two times four unsaturation) are more likely to form than fused aromatic domains (one times seven unsaturation like in naphtalene).
We conclude that through irradiation; the larger the molecule, the higher the probability of less labile structures. The same interpretation can be proposed with other types of irradiation such as electron bombardment in the Laurent et al. (2015) study. The later reports the loss of both aliphatic and aromatic features under electron flux until the material reaches a stability plateau from which atoms can no longer be removed by electrons. The destruction kinetics is described by a very quick loss of structures followed by a steady state very similar to the evolution of the gas composition in Figs. 1 and 2 . The same behavior can be observed with irradiation experiment involving more energetic photons than in this study (0.5 to 1.3 keV) and another type of synthetized starting organic material (Gavilan et al., 2017) . Hydrogen is lost until a plateau is reached, transforming the initial mixture to something less saturated and UV-resilient.
Despite the water and methane production becomes low and stable after seven days of irradiation, the removal of H 2 still seems to increase. This indicates that even if the carbonaceous skeleton of the mixture molecules have reached stability, terminal H atoms remain labile. This is also observed in experiments where unsaturated organics are exposed to the same photon energy range and efficiently release H 2 (Alata et al., 2015) .
The selective elimination observed with the photo-irradiation of the Murchison non-polar extract contrasts with the effect of any kind of irradiation on small molecules at low temperature. Whether the incident particles are ions (Augé et al., 2016) or photons (Bernstein, 1999; Danger et al., 2016) , light molecules tend to react and form larger compounds. This is not due to molecules themselves as Poch et al. (2014) demonstrated that even small molecules can be destroyed by UV irradiation at ~220 K. More than the starting compounds, temperature seems to be the controlling factor. Keppler et al. (2012) have shown that low temperature causes photolysis fragments to be trapped inside the starting material. The same type of behavior is observed in synthesis experiment simulating the UV irradiation of interstellar ices . Bubbles form inside the newly polymerized compounds out of left over starting gases as the temperature reaches sublimation thresholds.
Our experiment being carried out at room temperature, we can expect even higher resilience at lower temperatures. Additional experiment must be carried out to check if the chemical evolution toward unsaturated molecules is the same at low temperature or if the trapped sputtered fragments react to make the final mixture transform differently.
If we assume the temperature of this study experiment (300 K) being quite high compared to the space environments where the organic matter would have been exposed to UV photons, we put a lower limit to the time this type of material can survive in such environments. If we assume the UV photons produced by the deuterium lamps have an average energy of around 10 eV that corresponds to the background irradiating molecular clouds and protoplanetary disks, we can estimate the equivalent time spent in these types of environments that corresponds to the dose of photons in the chamber. For the one week experiment, the dose received by the target is ~5 ¥ 10 19 photons cm -2 . If we assume the photon flux ranging from ~10 7 photons cm -2 s -1 (Draine, 1978) in photon-dominated regions (PDR) to ~10 8 photons cm -2 s -1 in diffuse clouds (Moore et al., 2001) , the corresponding residence time for simulated exposure would be 1.5 ¥ 10 4 years in a diffuse cloud environment or 1.5 ¥ 10 5 years in a PDR environment. These durations are commensurate to typical disk lifetime of ~10 6 years. We interpret this as a capability of such a material to partly survive these environments and carry irradiation fingerprints, if any. We also note that they probably did not undergo such conditions; otherwise they would have been subsequently modified.
CONCLUSION
• Natural organic matter from the Murchison meteorite was exposed to ~10 eV UV photons at a dose of 5 ¥ 10 19 photons cm -2 at room temperature for up to a week. It produced a gaseous mixture of water, methane and H 2 of which concentrations vary with time in favor of H 2 production.
• The effects of this irradiation were monitored by Orbitrap mass spectrometry before and after experiment. The mass distribution of the Murchison organic matter evolves toward less saturated and smaller molecules, consistently with depletions in H and C. The most abundant and saturated molecules are most efficiently destroyed. The transformation seems to be progressive as the mixture evolves continuously.
• Molecules with a number of unsaturation consistent with aromaticity (DBE = 4) are produced or survive the photon beam more efficiently. Fused aromatic ring with a DBE of 7 are rare compared to distant rings with a DBE of 8.
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